To quantify the variation in primary open-angle glaucoma (OAG) prevalence with age, gender, race, year of publication, and survey methodology. METHODS. Medline, EMBASE, and PubMed were searched for studies of OAG prevalence. Studies with defined population samplings were sought. Forty-six published observational studies of OAG prevalence (103,567 participants with 2509 cases of OAG) were identified for inclusion in the systematic review and meta-analysis. Data on the number of people and the number of cases of OAG by age, race, and gender were sought for each study. Additional information was obtained regarding whether the definition of glaucoma relied on raised intraocular pressure (IOP) and whether visual field examination was performed routinely on all individuals. Bayesian meta-analysis was used to model the associations between the log odds of OAG and age, race, gender, year of publication, method of visual field testing, and effect of reliance on IOP in the definition of OAG. RESULTS. Black populations had the highest OAG prevalence at all ages, but the proportional increase in prevalence of OAG with age was highest in white populations. The odds ratio per decade increase in age was 2.05 in white populations (95% credible interval, 1.91 to 2.18), 1.61 (95% credible interval, 1.53 to 1.70) in black populations, and 1.57 (95% credible interval, 1.46 to 1.68) in Asian populations. The average estimated prevalence in those older than 70 years of age was 6% in white populations, 16% in black populations, and 3% in Asian populations. After adjusting for age, race, year of publication, and survey methods, men were 1.37 (95% credible interval, 1.22 to 1.53) times more likely than women to have OAG. The prevalence of OAG was one third lower in studies in which routine visual fields were not assessed and that used an IOP criterion in the definition of glaucoma; this effect was reduced to the null after adjustment for age, racial group, and year of publication. CONCLUSIONS. Although black populations had the highest prevalence of OAG at all ages, white populations showed the steepest increase in OAG prevalence with age. Men were more likely than women to have OAG. (Invest Ophthalmol Vis Sci. 2006;47:4254 -4261 Glaucoma is a leading cause of vision loss worldwide and is of major public health importance: it is estimated to affect 66 million people worldwide, with at least 6.8 million people bilaterally blind from the condition. 13 A recent meta-analysis of six studies confirmed a higher prevalence in black Americans than in white Americans.
M any large population-based studies have been conducted to determine the prevalence of glaucoma. Most have been carried out in white populations, including studies from the United states, [1] [2] [3] the United Kingdom, 4 ,5 Scandinavia, 6 -8 Australia, 9 and The Netherlands. 10 Studies have also been conducted on Asian, 11 multiracial, and black communities. 2, 12 Glaucoma is a leading cause of vision loss worldwide and is of major public health importance: it is estimated to affect 66 million people worldwide, with at least 6.8 million people bilaterally blind from the condition. 13 A recent meta-analysis of six studies confirmed a higher prevalence in black Americans than in white Americans. 14 Estimates of the prevalence of any glaucoma in white populations ranged from 1% to 1.5% in those aged 40 to 65 years, rising to 2% to 7% in those older than 65; estimates in black Americans ranged from 1.5% to 3.6% and 4.6% to 9.8%, respectively, for similar age groups.
14 These racial differences are of particular interest because they may allude to mechanisms of disease.
This article is a systematic review of the published literature on OAG prevalence. The aim was to quantify the relation of OAG prevalence to age and gender and how these relationships vary by racial group. Heterogeneity in prevalence between studies attributed to differences in survey methodology and year of publication was also explored.
METHODS

Systematic Review Process
A systematic review of all published papers, letters, abstracts, and review articles were identified using Medline, EMBASE, and PubMed electronic databases. The following text word search strategy was used: glaucoma with prevalence or incidence or survey or epidemiology. The electronic search (completed in February 2005) yielded 132 unduplicated references. Two reviewers (ARR, SM-I) completed the literature search independently.
Inclusion Criteria and Data Extraction
Population-based surveys were included that aimed to examine an entire town/village/geographic region or that used a clearly defined random or clustered sampling procedure. Studies that were surveys or audits of hospital eye departments or clinics were excluded. Studies without a defined sampling strategy were also excluded.
Fifty-five articles were retrieved from abstract review for more detailed evaluation. Forty-six unduplicated studies were identified after full paper review, and two reviewers (ARR, SM-I) extracted data independently from these studies. The studies excluded after full paper review were those that did not use any defined form of population sampling or did not provide sufficient data for the 95% confidence interval (or standard error) of prevalence of OAG to be determined.
There was considerable variation in the eye examination methods and case definitions of OAG. Studies were not excluded on the basis of definitions of OAG or methods or instrumentation used to identify cases of OAG. All studies examined the optic disk, but there was wide variation in the criteria for defining glaucomatous nerve damage. A previous review of six prevalence studies 14 noted that despite variation in survey methodology and definition of OAG, results were remarkably similar across studies. To examine this directly, studies were classified on the basis of two questions.
First, does the study design include visual field testing on all participants? Studies classified as not performing routine visual field testing included those that (i) did not perform field testing at all (very few studies), (ii) restricted field testing to persons identified at high risk of OAG (high risk was typically defined on the basis of IOP or a family history of glaucoma), and (iii) studies that selected a proportion of participants randomly or consecutively for visual field testing.
Second, does the case definition of OAG rely on an IOP-based criterion? If a study provided data on the number of OAG cases with and without increased IOP, it was combined for the meta-analysis. Such studies were then classified as not relying on IOP for the case definition of glaucoma.
Several studies provided additional data on suspect/probable OAG. These data have not been included in this review because case definitions for probable/suspect OAG were unclear, not stated, or subjective, and it was difficult to make comparisons across studies.
The following additional data were sought for each study: study name and year of publication (to assist with checking for duplicate publications); total number of persons invited to participate in the survey; number who attended for examination (alternatively, the reported response rate); average or median age or age range of study participants; racial group, defined as white (European, American, Australian), black (African, American, Caribbean, European), Hispanic (Mexican or European), Asian (Chinese, Eskimo, Japanese, Indian, Thai), and mixed; number (or prevalence) of cases of OAG overall and, if available, according to age, gender, and racial group if the study included more than one racial group; and average age or midpoint of the range in each age group or mean or median age for the study or midpoint of the age range specified. If the age group was specified as younger than x, older than x, or xϩ, then the age band was taken to be the same width as other age groups in the same study, and the midpoint of the range was used.
Statistical Methods
A random effects meta-analysis 15 stratified by racial group of the log odds of OAG in each study was performed. Odds were converted back to prevalence estimates and displayed as a forest plot with 95% confidence intervals for all studies to show the variation in prevalence of OAG across studies in different racial groups. Heterogeneity between studies was estimated using 2 tests (the Q statistic), and I 2 values, 16 which measure the proportion of variability between studies that is due to heterogeneity rather than chance, were determined. The estimate of chance variation is based on within-study variances. A Bayesian meta-analytical approach was used to examine simultaneously the relationship between OAG prevalence and age, racial group, gender, whether the survey included routine visual field testing on all subjects, and whether the case definition of OAG relied on IOP. Year of publication was used to examine any trends in reported OAG prevalence over time. The possible influence of the reported participation rate on OAG prevalence was also investigated.
A Bayesian logistic meta-regression model of the log odds of OAG with age was constructed based on the age-specific data extracted. Some studies contributed data for just one age group, whereas others contributed up to several age groups. The model took into account this hierarchical structure of the data by estimating the prevalence of OAG at 40 years of age within each study separately, but the change with age was estimated across all studies. Racial group was included as a study level covariate, and an interaction between age and racial group was investigated. Other variables were included as study level covariates in the meta-regression (see Statistical Appendix). A separate metaanalysis was performed to examine the effect of gender because only a subset of studies published data stratified this way.
The usefulness of the Bayesian approach is that variation at all levels is taken into account so that final estimates reflect all sources of variability. It also takes into account that the within-and between-study estimates of variance are themselves estimated with error. Bayesian analyses yield posterior distributions, in this case for odds and odds ratios (OR). From the posterior distribution we report the median value as our best estimate and the 95% credible interval (CrI) as a measure of uncertainty. The CrI specifies the range of values within which the true value is expected to lie with 95% probability (it is the range between the 2.5% and 97.5% percentiles of the posterior distribution). Noninformative normal priors were used for log odds or log ORs, and noninformative gamma priors for the corresponding variances.
RESULTS
From 46 studies we obtained data on 103,567 participants, including 2509 with OAG. Table 1 1-12,17-50 summarizes the studies by racial group. Two studies reported on more than one racial group, and results were reported separately for each racial group. Figure 1 shows the prevalence estimate for each study along with 95% confidence intervals, with pooled estimates and 2 tests for heterogeneity by racial group. There is considerable heterogeneity between studies within each racial group (in all cases, P Ͻ 0.0001). The I 2 statistics 16 were greater than 90% for all racial groups, showing that most heterogeneity was the result of variability between the studies rather than of chance variability. Because no significant differences in prevalence were observed between studies in white and Hispanic populations or between white populations and a single mixedrace population (the Mamre population in South Africa), these were all included as white studies. The effect of excluding Hispanic studies and the mixed-race population had little impact on the results (data not presented). The pooled random effects prevalence estimate of OAG is 1.4% (1.0%-2.0%) in Asian populations, 4.2% in black populations (95% CI, 3.1%-5.8%), and 2.1% (95% CI, 1.6%-2.7%) in white populations.
Forty-one of the 46 studies published data stratified by age. Inspection of the data showed a single outlying study in an Asian population with an exceptionally low prevalence of POAG (0.03%) 19 that was excluded from the analyses. Figure 2 shows the raw data from each study with OAG prevalence plotted on a logarithmic scale against age. Figure 2 also shows that prevalence increases proportionately with age for each racial group (i.e., prevalence increases exponentially with age) and that the prevalence of OAG is higher in black populations at all ages but the increase in prevalence (or odds) of OAG is steeper for white populations; increases with age in black and Asian populations are similar. A more formal analysis is presented in Table 2 , in which interactions between age and race are included. A multiple-variable meta-regression analysis showed that in white populations the OR of OAG per decade is 2.05 (95% CrI, 1.91-2.18), indicating a doubling in OAG prevalence per decade, whereas in black populations the OR is 1.61 per decade (95% CrI, 1.53-1.70) and in Asian populations it is 1.57 per decade (95% CrI, 1.46 -1.68). Inspection of the 95% CrI for the interaction terms between age and race excluded an OR of 1.0 and is evidence for different slopes with age between white and black populations and between white and Asian populations. Further inspection of the data showed two potential outlying studies in black populations ( Fig. 2 ) with higher-than-average prevalence and relatively shallower gradient with age. 31, 37 Exclusion of these two studies increased the OR with age to 1.86 per decade (95% CrI, 1.73-2.01). However, the 95% CrI for the posterior distribution for the difference in the age effect between white and black populations still excluded an OR of 1.0 and therefore suggested that the increase in prevalence with age was greater in white populations. After controlling for age, there was no evidence of any difference in the prevalence of OAG among
Variations in Open-Angle Glaucoma Prevalence 4255 black populations from America, Europe, West Indies, or Africa. The log-linear association with age was formally assessed by including a quadratic term in age in the model. There was no evidence of curvature, suggesting that the association between OAG prevalence and age is exponential.
Prevalence estimates in studies published in the 1960s-70s were on average lower than in studies published in the 2000s. Even after allowing for differences in survey methods, age, and racial group, the OR was 0.46. For studies from the 1980s and the 1990s, the corresponding ORs were 0.48 and 0.93 (Table 2) .
It was possible to determine whether routine visual fields were assessed and whether criteria for OAG case definition used IOP for all studies. Studies that relied on IOP to define OAG and that did not examine visual fields routinely (17 studies) had a 35% lower odds of OAG (crude OR, 0.65; 95% CrI, 0.33-1.27) compared with studies that did examine visual fields and did not rely on IOP to define OAG (20 studies).
Typically, the former studies tested visual fields on various subgroups, which are biased by design and would be expected to miss cases of OAG. After adjusting for age, racial group, and year of publication, the difference was reversed (Table 2) but the 95% CrI are wide, indicating no material difference. In studies in which visual field tests were performed routinely (25 studies), the odds of OAG were similar in those that relied on IOP for OAG definition and those that did not (OR, 1.00; 95% CrI, 0.52-1.86). The subgroup of three studies in which visual field tests were not performed routinely and did not rely on IOP for OAG case definition appeared to have higher odds of OAG than the baseline group (Table 2) , but the 95% CrI was very wide and should be interpreted cautiously.
A survey response rate was available for 39 studies, and rates were classified as three groups: 50% to 75%, more than 75% to 85%, and more than 85%. Survey response rate did not seem to influence the prevalence of OAG; ORs comparing the three groups were approximately 1.00, and 95% CrIs were . In studies that reported by gender, the associations with age, racial group, survey methods, and year of publication were similar to those reported in all studies. 
DISCUSSION
This systematic review quantifies the rate of change in the prevalence of OAG with age for different racial groups. It is based on a large number of participants (103,567 persons, including 2509 with OAG) from a diversity of geographic populations. Although the average prevalence at all ages was higher in black populations than in white or Asian populations, the rate of change of OAG prevalence with age appears highest in white populations, in whom the odds of OAG double per decade. The equivalent proportionate increase in black or Asian populations was lower at approximately 1.6, equivalent to a 60% increase per decade. The reasons for these racial differences in disease trends with age remain unclear.
Given that the methods of examination have changed markedly since the 1960s, it is not surprising to find an increase in OAG prevalence even with adjustment for age. This may reflect a true increase in prevalence or improved diagnostic criteria and examination techniques. The prevalence of glaucoma was lower in studies in which routine visual field tests were not performed and in which IOP was relied on as a defining criterion for glaucoma compared with studies in which visual field tests were performed routinely and IOP did not determine the diagnosis for OAG. There was no clear effect after allowing for age and racial group, which is consistent with findings predominantly in white populations, published in a previous review.
14 Whether a gender difference exists in the prevalence of POAG has been controversial. Numerous studies have reported that the prevalence of OAG is higher in men, 1, 10, 12, 48 others have reported a higher prevalence in women, 6, 31 and yet others have reported no gender difference in prevalence. [2] [3] [4] [5] 9, 11, 49, 51 Heterogeneity in the reporting of these gender effects may be explained by lack of power, with insufficient numbers of OAG cases within individual studies to detect consistent gender differences together with appropriate adjustment for age. If, for example, the true prevalence of OAG is 1.5% in women and 2.2% in men within a given age group (based on the findings from the present study), the required sample size for an individual study would have to be approximately 16,500 to detect a statistically significant difference at the 5% level (i.e., P ϭ 0.05) and 90% power. There is no single study of this size. Pooling data from different studies allowed the gender effect to be determined with greater statistical certainty. Data from 61,267 subjects (including 1355 OAG cases) suggests that OAG prevalence in men is approximately 1.4 times that in women (adjusted for age, racial group, publication year, and survey methods); this effect was remarkably consistent across the three racial groups. This finding disagrees with a previous meta-analysis 14 that did not find a difference in the prevalence of OAG between men and women after controlling for age in white, black, or Hispanic populations. 14 However, this pooled analysis was based on one study in a black population (n ϭ 2395) and one study in an Hispanic population (n ϭ 4773) and was probably underpowered to detect gender difference in these two racial groups. Although the analysis was probably sufficiently powered to answer this question for the six studies in white populations (n ϭ 22,556), investigators had access to additional unpublished data for these studies by gender that were not in the original study publications and were therefore able to perform an individual patient data meta-analysis. Only two of the studies included in that review had published data by gender; therefore, the other 4 studies were not included in our gender analyses. Differences can arise between meta-analyses that are performed using published estimates and those based on individual patient data because of differences in the accuracy or structure of the data, analytical approach, and studies included. An individual level meta-analysis allows a more flexible approach to the analyses and is preferable if raw data can be obtained for all relevant studies. If, however, raw data can only be obtained for a limited number of all relevant studies identified, the review may not be representative and the results may be biased. In the current international review, it is likely that it would not have been possible to obtain the raw data for a considerable proportion of the studies, especially as some were conducted many years ago. We therefore chose to undertake a metaanalysis of published data and estimates. The estimated OR in white populations for males compared with females from the previous review was 0.97 (95% CI, 0.79 -1.20). We can use this result from the six studies in white populations as a "Bayesian prior" and combine it with our review data (excluding the two studies from our data to avoid double counting). The OR for men compared with women then becomes 1.23 (95% CrI, 1.06 -1.42), indicating that OAG prevalence is estimated to be 23% higher in men than in women. This is the best available 14 and our review data appropriately combined, and the estimate is consistent with a recent very large study 52 looking at the prevalence of glaucoma treatment in the United Kingdom, where the OR of treatment for glaucoma in men compared with women was 1.24 (95% CI, 1.19 -1.28). 52 A biological hypothesis for a gender difference in prevalence remains unclear and may reflect differences in environmental exposure between men and women; perhaps similar parallels can be drawn with well-known gender differences in other noncommunicable diseases such as cardiovascular disease.
The use of Bayesian methods in this review is novel and allowed for the full hierarchical structure of the data to be accounted for using a multilevel approach. In addition, the precision of the variability within and across studies is taken into account and is reflected in the final estimates and 95% CrI.
The drawback of any observational study examining the prevalence of disease is nonresponse. The participation rate ranged from 50% to 94%, but this did not appear to influence the prevalence of OAG. It is uncertain whether nonparticipants were more likely to represent those with OAG or those without OAG, who do not perceive a need for examination. However, a common finding in these glaucoma surveys was that approximately half of glaucoma cases were previously undiagnosed. The possibility of response rate bias is important because meta-analysis of surveys affected by a consistent bias will always be subject to that bias. Table 3 summarizes the estimated prevalence of OAG by age and racial group. These estimates were similar to genderspecific estimates from a smaller number of studies (25 studies), though the prevalence of OAG was higher in men than in women at all age groups (data not presented). Table 3 shows that the difference in prevalence of OAG between racial groups varied with age. In 40-to 49-year-olds, the prevalence of OAG in black populations was approximately 7 times higher than the prevalence in white populations, whereas by age 80 to 89 years the prevalence was approximately 2.5 times higher. The prevalence in Asian populations was similar to the prevalence in white populations at ages 40 to 69; thereafter, it was relatively higher in white populations. These estimates are shown graphically by the straight line in Figure 2 .
Despite the caveats associated with the derivation of these estimates, a weighted average in those older than 70 years gives a pooled prevalence of OAG of approximately 6% in white populations, 16% in black populations, and 3% in Asian populations. These figures represent a considerable public health burden of OAG, which is likely to increase with time because of an aging population. OAG leads to irreversible visual field loss that negatively affects a person's mobility and independence. 53 
CONCLUSIONS
This review summarizes quantitatively the international literature on the effect of age, racial group, survey methods, year of publication, and gender on the prevalence of OAG. OAG prevalence increases more rapidly in white than in black and Asian populations, but at all ages black populations have the highest prevalence estimates. OAG is more common in men than in women across all racial groups. Understanding these differences in disease prevalence may give further clues to mechanisms and types of glaucoma and a sound basis for future health service provision. 
